The introduction of a viral nucleic acid into a sensitive cell is sufficient to establish a productive infection as first shown in the classical experiment of Hershey and Chase (7) . Nucleic acids from a large number of viruses have since been shown to be infective (6) . Of particular usefulness for a study of infectious nucleic acids are the bacterial transformation systems, which are characterized by their ability to take up isolated deoxyribonucleic acid (DNA) during some particular state of growth (competence; 16). Thus, DNA from several Bacillus subtilis phages can transfect competent bacteria but do so at very different efficiencies (16) . The infectivity of a viral nucleic acid is clearly dependent on factors determined both by the host and the virus, but very little as yet is known about specific factors which influence the infectivity of free viral nucleic acids.
Temperate phage 4105 can lysogenize the transformable B. subtilis 168 (14) . The DNA of a temperate phage can exist in three, at least functionally, easily distinguished states, prophage, vegetative, and mature DNA. The aim of the present study is to determine the infectivity of these three classes of DNA to be presented show that prophage, vegetative, and mature 4105 DNA all exhibit different properties when used to transfect competent B. subtilis. A further study of these DNA classes should prove fruitful for understanding some factors of basic importance for the infectivity of viral nucleic acids.
MATERIALS AND METHODS
Phage and bacteria. The bacterial strains used are listed in Table 1 . Phage 0105 and various mutants of this phage have been described (14) .
Media and growth of bacteria and phage. All media employed as well as the conditions for assay of bacteria and phage have recently been described (14) .
Extraction of DNA from bacteria and phage. The methods for extraction of DNA from bacteria have been described (14) .
Phage stocks for DNA preparation were prepared in the following manner. The ,105 wt, W168 (+105) was grown in 500 ml of tryptone broth [tryptone (Difco), 10 g; NaCl, 5 g; distilled water, 1,000 ml] to a density of about 5 X 107 bacteria per ml with shaking at 37 C; 0.5 ,ug of mitomycin C was added per ml (Sigma Chemical Co., St. Louis, Mo.) and, after 10 min in the presence of the drug, the bacteria were centrifuged, suspended in fresh broth, and further incubated until lysis (about 2 hr). The The +1 phage and its DNA were prepared as described by Reilly and Spizizen (13) .
Transformation and transfection procedures. The procedures for transformation and selection of transformants have been described (14) . In transfection, bacteria brought to competence were exposed to viral DNA, and uptake in general was terminated by the addition of deoxyribonuclease. Infectious centers were scored by plating suitable dilutions together with W168 indicator bacteria as described (14) . The procedure for rescue of single markers from 0105 DNA is described in connection with the individual experiments.
Induction experiment. W168 (0105) was grown in tryptone broth with shaking at 37 C to about 5 X 107 bacteria per ml. Mitomycin C was added to 0.5 ,ug/ml, and, after 10 min in the presence of the drug, the bacteria were centrifuged and resuspended in about 0.25 volume of fresh broth and incubated at 37 C with forced aeration. Infectious centers were measured as described (14) ; intracellular mature phage was measured by assaying chloroform-shaken samples of the culture for plaque formers. The rate of DNA synthesis was measured by diluting a small volume of the culture into broth containing an excess of 3H-thymidine (New England Nuclear Corp., Boston, Mass.). After 1 min, uptake of the isotope was terminated by addition of 1 volume cold 10% trichloroacetic acid. The samples were then filtered through HA membrane filters (Millipore Corp., Bedford, Mass.), washed with cold water, and dried. Acid-insoluble counts were determined in a Tri Carb liquid scintillation spectrometer [Packard Instrument Co., Inc., Downers Grove, Ill.; (scintillation liquid: toluene, 1 liter; 2, 5-diphenyl oxazole, 4 g; 1,4-bis-2-(4-methyl-5-phenyloxazolyl)-benzene, 100 mg)].
For isolation of DNA from induced cells, samples were removed from the culture and poured over frozen broth containing 10-3 M NaN3. The bacteria were centrifuged, washed once with 0.2 M NaCl and 0.01 M EDTA (pH 8.1), and suspended in buffer. Lysozyme was added at 200 ,Ag per ml, and, after 30 min at 37 C, sodium dodecyl sulfate was added to a concentration of 0.5%. To the lysed bacteria was added an equal volume of buffer-saturated phenol, and the mixture was shaken at 4 C for 30 min; the two phases were separated by centrifugation. The aqueous phase and interphase were re-extracted once. The aqueous phase was collected and dialyzed against two changes of 1,000 volumes of buffer to remove residual phenol. The infectivity of each preparation was assayed as described. (Fig. 3) . The infectivity of the DNA is destroyed by deoxyribonuclease but not by 4105 antiserum. The molecular weight of the B. subtilis chromosome is about 4 X 109 (2) and that of the q5105 chromosome about 25 X 106. Each chromosome of a lysogenic bacterium is assumed to carry only one prophage. From these data and those of Fig. 3 , the infectivity of prophage DNA is calculated to be one infectious center per 103 to 101 prophage genomes. Prophage DNA is thus more infectious than mature DNA by several orders of magnitude. The shape of the curve for infectious centers shown in Fig. 3 in the two types of DNA (1) . If this suggestion was correct, the inactivation of a marker might occur at a much faster rate in mature DNA compared to prophage DNA. To test this prediction, DNA from W168 (4105) was sheared to reduce the infectivity of the DNA. Sheared and unsheared DNA were added to competent cells, and uptake was terminated with deoxyribonuclease. Samples were then superinfected at intervals with 4105tsN9 and infectious centers were scored at the nonpermissive temperature. The rate of inactivation of the N9 marker in sheared prophage DNA was found to be the same as in mature DNA (cf. Fig. 5 to 2 Most of the infectious DNA molecules extracted from 4105 lysogenic bacteria will contain not only prophage DNA but, indeed, bacterial DNA. The hypothesis was next considered that bacterial DNA attached to prophage DNA is essential for the infectivity of prophage DNA, e.g., by providing a region homologous to the bacterial chromosome, making integration of the prophage possible. One prediction of this suggestion is that the infectivity of prophage DNA should be dependent on the bacterial recombination system.
RESULTS
To test this prediction, prophage DNA was added to competent cultures of rec-J and rec+ bacteria (8) , and infectious centers and trp+ transformants were measured. As a control, the infectivity of DNA from the virulent phage 41 was also measured in the two strains. The results of this experiment show ( Table 2 ) that the infectivity of prophage DNA is reduced in the rec-J strain in proportion to the decrease in the An experiment was next performed to determine whether prophage DNA gives a lytic or lysogenic response when added to competent bacteria. Prophage DNA was added to competent cells and uptake terminated by addition of deoxyribonuclease. The bacteria were divided into two parts; one part was diluted into broth, the other one into broth with 4105 antiserum. Plaqueformers and colonies were assayed over an extended period of time. The results of this experiment (Fig. 6) show that about 80% of the infected cells give a lytic response. We interpret this to mean that, although the prophage is originally integrated, the cell is nonimmune and induction of the prophage will rapidly occur, a situation formally analogous to zygotic induction (17) .
Infectivity of vegetative DNA. Lytic development of prophage 4105 can be induced in more than 90% of a lysogenic culture by exposure of the cells to mitomycin C. Logarithmically growing W168 (4105) were induced, and samples were taken at intervals for extraction of DNA. The rate of synthesis of DNA and the appearance of intracellular mature phage were also measured. The infectivity of the DNA preparations was then measured. The number of infectious centers formed per unit weight of DNA remains roughly constant during the first 30 min after induction. Concommitant with an increase in the rate of DNA synthesis, the infectivity of the DNA preparations increased about 50-fold and reached a plateau at the time when maximal rate of DNA synthesis is attained (Fig. 7) , whereas mature phage continued to increase until lysis occurs. Further experiments are needed to quantitate the efficiency with which vegetative DNA can infect competent bacteria, but it can be estimated to be of the same order of magnitude as prophage DNA. The infectivity of vegetative DNA is not dependent on the bacterial rec-J function and can thus be distinguished from prophage DNA by that criterion (Table 3) an infectious molecule is the same in prophage, vegetative, and mature DNA. This suggests that the structure of the DNA molecule, rather than its size, determines its infectivity. In the lambda system only linear molecules with single-stranded ends are "infectious" in the helper assay, whereas both linear and circular molecules are infectious in the spheroplast assay (11, 19) . The difference between these two assay systems is most easily explained, however, by assuming that circular molecules can only enter spheroplasts (19) .
Mature DNA from several Bacillus phages is infectious for competent bacteria, but the infectivity varies considerably between different phages. The size of the DNA molecule does not seem to determine the infectivity although a more complex curve for the dependence of the infectivity on DNA concentration is generally seen with larger phages (13) . For phage SP82, Green (4) has shown that after entry into a competent cell the phage DNA is rapidly fragmented, and whole phage is later reconstituted from these fragments. The 4105 mature DNA is also fragmented after entry (Rutberg, unpublished experiments), but reconstitution of an infectious molecule, if it occurs, must be very inefficient compared to SP82. The vegetative genetic map of SP82 is linear (10) , whereas that of 4105 is thought to be circular (14) . If (9, 18) . The genetic potential of the DNA cannot be expressed while bound at this site. DNA can be moved from this site by recombination (integration) or by replication. If it remains bound at the site it will soon be degraded. To replicate or to integrate, mature DNA is assumed to require expression of one or several genes (15) , it will thus remain bound and only rarely escape fragmentation.
Prophage DNA will often be extracted from lysogenic cells bound to bacterial DNA. The bacterial DNA, bound to prophage DNA, provides a region of strict base homology with the chromosome of the competent cell, making integration of the prophage by the bacterial recombination system possible. The fact that the infectivity of prophage DNA is dependent on the bacterial rec-l function lends support to this suggestion. Whether prophage DNA will ultimately give a lytic or lysogenic response depends on events occurring after its removal from the binding site. The slow rate of inactivation of ts markers in unsheared prophage DNA is thought to reflect removal of incomplete prophage genomes from the binding site. Vegetative DNA, finally, enters the cell in a form which can be replicated without prior expression of any phage function, assuming that the host replication enzymes can also replicate 4105 DNA. Vegetative DNA may also exist in a form less susceptible to the inactivating enzymes of the host.
Isolation and characterization of various DNA forms associated with the vegetative development of 4105, combined with studies of the anatomy of the mature phage DNA molecule, seem to offer one way by which we can reach an increased understanding of the correlation between the structure and infectivity of a viral nucleic acid molecule.
